An accurate temporal and spatial characterization of errors is required for the efficient processing, 17 evaluation, and assimilation of remotely-sensed surface soil moisture retrievals. However, 18 empirical evidence exists that passive microwave soil moisture retrievals are prone to periodic 19 artifacts which may complicate their application in data assimilation systems (which commonly 20 treat observational errors as being temporally white). In this paper, the link between such 21 temporally-periodic errors and spatial land surface heterogeneity is examined. Both the synthetic 22 experiment and site-specified cases reveal that, when combined with strong spatial heterogeneity, 23 temporal periodicity in satellite sampling patterns (associated with exact repeat intervals of the 24 polar-orbiting satellites) can lead to spurious high frequency spectral peaks in soil moisture 25 retrievals. In addition, the global distribution of the most prominent and consistent 8-day spectral 26 peak in the Advanced Microwave Scanning Radiometer -Earth Observing System soil moisture 27 retrievals is revealed via a peak detection method. Three spatial heterogeneity indicators -based 28 on microwave brightness temperature, land cover types, and long-term averaged vegetation index 29 -are proposed to characterize the degree to which the variability of land surface is capable of 30 inducing periodic error into satellite-based soil moisture retrievals. Regions demonstrating 8-day 31 periodic errors are generally consistent with those exhibiting relatively higher heterogeneity 32
9 mixing model (Wang and Schmugge, 1980) . Equation 2 is written for polarization emissivity. 176
For polarization results, the polarization signs should be switched. 177
The vegetation transmissivity Γ is defined in terms of the VOD and incidence angle 178 as 179
The VOD is directly related to the canopy density, or more specifically, the vegetation water where MPDI is calculated directly from observed brightness temperatures. By normalizing for 185 temperature dependence, the MPDI becomes more highly-related to the dielectric properties of the 186 radiating body including both the canopy and soil emissions (Owe et al., 2008) . 187
Regarding the thermodynamic conditions of vegetation and soil, a further assumption in 188 the LPRM algorithm is that the soil temperature and canopy temperature are in isothermal 189 SOILSCAPE. However, only three stations provided measurements during our study period and 213 are averaged accordingly. Note that the point-scale soil moisture observation cannot fully represent 214 the footprint satellite retrieval and the sampling depth may also introduce differences. Strategies 215 have been proposed for minimizing the systematic differences between ground-based 216 measurement and satellite-based retrievals, such as computing anomalies through subtracting a 217 moving window averaging-based climatology (Dorigo et al., 2015; Gruber et al., 2013) . However, 218 since the in situ soil moisture is used only to help identifying spectral spectral peaks in AMSR-E 219 LPRM soil moisture retrievals, these strategies have not been applied here. 220 11
Land cover-GlobeLand30 221
Several global land cover maps derived from multiple satellite sensors are currently 222 available. The sensitivity of microwave emissivity to soil moisture varies with different land cover 223 variables -in particular, vegetation optical depth. High spatial resolution surface land cover maps 224 can thus provide sub-pixel heterogeneity information for coarse resolution soil moisture products. 225
However, the isolation of highly mixed land cover types is cumbersome and beyond the scope of 226 this study. Therefore, the 30-meters high resolution GlobeLand30 dataset, based on Landsat data 227 , is merely included for visual interpretation of the spatial heterogeneity within 228 the quarter degree grid of AMSR-E LPRM soil moisture retrievals. According to previous 229 independent accuracy assessments, the GlobeLand30 has demonstrated an overall accuracy of over 230 80% (Brovelli et al., 2015) . It was downloaded from http://globallandcover.com in January 2017. 231
Normalized Difference Vegetation Index (NDVI)-MODIS 232
The Moderate Resolution Imaging Spectroradiometer (MODIS) monthly NDVI 233 (MOD13C2) product is obtained from January 2003 to December 2011. To be consistent with 234
AMSR-E LPRM soil moisture retrievals, it has been spatially-aggregated from its original 0.05° 235 grid to a regular 0.25° resolution. A long-term averaged global NDVI distribution map is then 236 generated by averaging all quarter-degree monthly data. The MOD13C2 dataset was downloaded 237 from https://lpdaac.usgs.gov/dataset_discovery/modis/modis_products_table/mod13c2_v006 238 during May 2017. 239
Land cover type-MODIS 240
In addition to the high resolution land cover from the GlobeLand30 product, a dominant 241 land cover type map at lower spatial resolution (0.05°) is acquired from the MODIS yearly Land 242
Cover Type Climate Modeling Grid (MCD12C1) product in 2011. This product also provides the 243 12 sub-grid frequency distribution of land cover types. Three classification schemes are included and 244 the primary International Geosphere Biosphere Programme (IGBP) land cover scheme is selected 245 for further analysis. IGBP contains 17 land cover classes and has been re-classified into 9 classes 246 before spatially-aggregated to regular quarter degree (0.25°). 
Power spectral density estimation 254
The dynamics of soil moisture is an outcome of interactions between incoming 255 precipitation, canopy interception, evapotranspiration, surface runoff, lateral flow and 256 groundwater. The near-surface soil moisture time series consists of both a long-term climatology 257 (low frequency) and short-term anomaly (high frequency) components (Entin et al., 2000) . The 258 long-term climatology originates from seasonally varying precipitation and solar radiation and can 259 be affected by the vegetation phenology, climate change, and instrument drift for satellite 260 observations. In contrast, the short-term anomalies represent the process of rainfall instances and 261 dry-down events and are valuable for analyzing short-term weather extremes (Katul et al., 2007 ; 262 
Examining the occurrence of periodic errors 342
To further facilitate the physical interpretation of the occurrence of high-frequency peaks, 343 a simplistic synthetic experiment monitoring the periodic sampling pattern of satellite swaths over 344 different land cover characteristics has been conducted following the approach illustrated in Figure  345 4. In particular, an Antecedent Precipitation Index (API) model is applied to generate synthetic 346 soil moisture , (mm, in a dimension of water depth) for each sub-grid at time 347
where is a dimensionless API loss coefficient and assumed to be a constant value as 0.95; is 349 the total number of sub-grids which is set to 9 (3-by-3), and (mm) represents the daily 350 accumulation depth of random rainfall expressed in dimensions of water depth and generated from 351 the exponential distribution with mean of 25 mm. 352
In total, there are five synthetic scenarios (see Figure 4) . The synthetic "True" soil moisture 353 is generated directly through the API model without any assumed observational error, while mean-354 zero Gaussian distributed random observational error with a standard deviation of 10 mm is added 355 to the other four cases. With the consideration of spatial heterogeneity, a long-term bias in soil 356 moisture within the 3-by-3 grid box is set up as a random pattern from a mean-zero normal 357 distribution with a standard deviation of 20 mm. This long-term bias is meant to represent the 358 systematic land cover and/or soil physical property variations. Furthermore, the periodic sampling 359 pattern of satellite footprints is constructed by repeating equally-weighted averaging with different 360 combinations of sub-grids (to account for the drop-in-bucket method use in the AMSR-E LPRM 361 product). In accordance with AMSR-E, the repeat cycle is set to 16-days. Through the combination 362 of these two conditions, four experiments are generated (see Figure 4) . Here, the differences in 363 18 mean and standard deviation settings among precipitation, soil moisture observational error and 364 long-term bias only represent their scaling differences and proportionally rescaling these statistical 365 moments does not affect presented results. Before the spectral frequency analysis, five synthetic 366 soil moisture time series (four Cases and "True") are normalized respectively from their original 367 climatology to be mean-zero with a standard deviation of one. These synthetically-generated 368 results will be used to enhance our understanding of peak-generating processes within our real-369 data analysis. Results from these synthetic experiments will be presented in section 3.1. 
Detection of 8-day periodic error 374
With a Brownian spectrum of soil moisture, the increase in power with decreasing 375 frequency may hinder detection of 16-day peaks in cases where the true soil moisture signal is 376 stronger than the 16-day resonance. In addition, spectral peak features in higher frequencies can 377 be difficult to be distinguished from the high-frequency noise. Therefore, despite the fact that 378
AMSR-E LPRM soil moisture retrievals demonstrate several spectral resonances, we will focus 379 on 8-day peaks as they represent the most prominent and consistent periodic signal. Detailed peak 380 detection procedures are described below. 381
To start, the PSD estimations of AMSR-E LPRM soil moisture product are conducted using 382 the Welch's method with different Hamming window sizes. As stated earlier, the window size 383 determines the amplitude accuracy and frequency resolution of the PSD. To reach a compromise 384 between them and provide sufficient support for detecting periodicity in high frequency, the 385 window size is varied between 270 to 360 days at 10-day intervals. Thus, for each grid, there are 386 ten separate estimates of PSD. These PSDs and corresponding frequency series are then 387 transformed into logarithm space for further analysis. Polynomial interpolation is used to remove 388 the background Brownian shape of PSD, allowing for more accurate detection of the peaks. For 389 detecting the most prominent and consistent 8-day peaks, two thresholds are employed: a) the 390 minimum peak height is no less than 3-sigma (standard deviation) of the de-trended PSD 391 estimations; and b) the 8-day peaks are repeatedly detected by at least 5 times (out of the 10 392
Hamming window sizes considered at each grid). In addition, the same peak detection approach is 393 applied for AMSR-E brightness temperature -derived parameters as described in the following 394 
Land Surface Heterogeneity indicator 397
The land surface characteristics are extremely variable in both space and time. Our strategy 398 is based on applying the best available global descriptions of land surface characteristics from both 399 microwave and visible/near-infrared remote sensing and comparing these patterns to maps of 8-400 day spectral peak presence. Naturally, all heterogeneity descriptions have resolution limitations 401 which prevent them from capturing all sub-pixel scale heterogeneity (Lakhankar et al., 2009b) . 402
-derived heterogeneity indicator 403
The AMSR-E data are re-sampled onto regular quarter degree grid using a drop-in-404 bucket approach. Quarter degree grid-scale averages are acquired by averaging all footprints -405 across various scans and swath cycles -whose geographic centers fall within a grid box for a given 406 
NDVI-derived heterogeneity indicator 435
Vegetation canopy plays an important role in observing and retrieving soil moisture from 436 space-borne platforms . NDVI is a simple index of vegetation density which 437 can be applied for depicting the land surface characteristics. To take into account the canopy, a 
III. Results

459
Our main interest is examining the most prominent and consistent spectral peaks generated 460 from AMSR-E's periodic sampling pattern and the relationship between theses peaks and the 461 23 spatial heterogeneity of the corresponding land surface. To physically explore the occurrence of 462 high frequency spectral peaks, both the synthetic experiment and a detailed site-specified analysis 463 are discussed first. Subsequently, the global distribution of the 8-day periodic errors, and their 464 relationship with the spatial heterogeneity indicators introduced in section 2.4, is presented. 465 . AMSR-E 500 LPRM soil moisture retrieval for each quarter degree grid is generated based as the mean of all 501 swath data whose footprint centers fall within that particular grid (Owe et al., 2008) . The soil 502 moisture record manifests several significant spectral resonances -including a significant 8-day 503 25 peak. Moreover, 4-day and 16-day peaks are also conspicuous for both overpasses. Given their 504 uses in LPRM retrievals, the -derived MPDI and MWE are also analyzed in frequency domain. 505
Synthetic experiments 466
Similarly, an 8-day peak in MPDI appears in both half-orbits -suggesting that the spectral peaks 506 in soil moisture retrievals can be traced back to the MPDI. However, the probability of occurrence 507 and the relative amplitude of spectral peaks in soil moisture and MPDI are not exactly the same 508 for each peak. On the other hand, the PSDs of MWE also show 8-day and 4-day spectral peaks for 509 the ascending overpass (Figure 6 .e) and a 4-day peak for the descending overpass (Figure 6.d) . 510 Therefore, within Site A, strong spatial heterogeneity in land cover appears capable of generating 511 soil moisture spectral peaks associated with the satellite orbiting cycle. Comparing regions with high infilling fractions (blue and dark brown in Figure 8 ) against 568 other grids (red and light brown), the probability of identified peaks can be lower with 12% (4/33) 569 versus 24%, and 13% versus 20% for ascending and descending overpasses, respectively. With 570 increased infilling fractions, more in-filled data are included for the peak detection, which may 571 lead to possible missed identification of peaks (please refer to section A of the supporting materials 572 for more details). Nevertheless, as our gap-filling approach does not lead to occurrence of peaks, 573 any peaks detected for grids with high infilling fraction should be prominent and therefore are 574 preserved for the global distribution mapping. 
593
In contrast, MWE maps demonstrate relatively fewer peaks than soil moisture in Figure 8 . 594
MWE as a function of several varying variables, including water content and soil salinity, changes 595 rapidly over land surface (Prigent et al., 2006) . More specifically, the intensity and duration of 596 precipitation events modulate the land surface emissivity (Ferraro et al., 2013) . Consequently, 597 MWE does not generally show strong and persistent land surface heterogeneity over the 16-day 598 exact repeat cycle of AMSR-E sensor. Taken as a whole, Figure 9 suggests a primary role for 599 MPDI as the source of periodicity in LPRM soil moisture retrievals. 600 Table 1 Both VI-HI and LC-HI fail to capture the information over non-vegetated landscapes, e.g., 622
North Africa and the Arabian Peninsula. These two indicators are based solely on relatively coarse-623 resolution land cover characteristics and cannot fully represent the land surface variability. Instead, 624
other factors not captured in the indices, such as soil texture and roughness, may play a primary 625 role in determining the heterogeneity for low-vegetated regions. 626 Table 1 shows the global mean and median values for each of the three indicators, both for 627 grids with and without 8-day peaks. Under all circumstances, grids with the 8-day peak are 628 associated with relative higher mean and median values of the heterogeneity indicators. This 629 further suggests that the occurrence of spectral peaks can be related to the land surface spatial 630 heterogeneity. In addition, Figure 11 for grids with peaks is greater than that for grids without peaks at a 0.001 significance level. This 635 suggests a statistically significant capability for the three heterogeneity indicators to characterize 636 regions with strong land surface variability. 637 
